INTRODUCTION
In summer 2007, basal melt of 2.1 m was recorded for multiyear (MY) ice at a drifting ice mass balance (IMB) site in the eastern Beaufort Sea, Arctic Ocean (Perovich and others, 2008) . This is close to four times the previously observed summer melt in this region. There was no evidence that incoming solar radiation increased over the Beaufort Sea (Schwieger and others, 2008) . Perovich and others (2008) demonstrated that the melt could be explained by heating of the upper ocean from available incoming solar radiation incident on open water around the IMB site. The ice concentration in the region was low in summer 2007 compared to previous years; however, the controls of this reduced ice area were not explored by Perovich and others (2008) . Essentially the ice-albedo feedback that resulted in the 2007 ice melt required a trigger of enhanced solar input to the upper ocean in early summer.
There are several ways to enhance solar input into the upper ocean, that are related to observed changes to the Beaufort ice pack. Increases in melt season length (Markus and others, 2009) , especially earlier melt onset, have led to enhanced solar absorption in the upper-ocean ice system (Perovich and others, 2011) . Itoh and others (2011) found that increasing area of melt ponds on the ice could explain some of the increased solar heat flux to the ocean and ice base. The Arctic ice pack is younger, and therefore thinner, in the 2000s than in the previous three decades (Maslanik and others, 2007) . This thinning in the Beaufort Sea has been related to enhanced transpolar ice-drift rates (Hutchings and Rigor, 2012) . A thinner ice pack will melt faster in summer, increasing open water and enhancing ice-albedo feedback. An observed increase in oceanic heat transport through the Bering Strait has been suggested to be a trigger for the enhanced ice melt, and ice-albedo feedback, in summer 2007 (Woodgate and others, 2010) . This mechanism for early onset of ice melt would occur along the pathways of Pacific Water in the Chukchi and western Beaufort Seas, and may not be as important at the IMB site in the Beaufort Sea case study of Perovich and others (2008) .
Another mechanism that has not been explored for the summer 2007 Beaufort Sea melt is enhanced divergence of the ice pack. Rampal and others (2009) found that sea-ice deformation rates, shear plus divergence, throughout the Arctic have increased. This indicates changes in divergence rates that would drive changes in open-water fraction, ridging and ice growth. Changes in the mechanical properties of the ice pack (e.g. weakening through thinning) can act to either enhance albedo feedback (through increased opening and increasing area of thin ice or open water) or retard ice loss as increasing convergence-driven ridging and rafting increases ice volume. To understand the role of sea-ice deformation in the recently documented ice loss in the Beaufort Sea, observations of ice pack divergence are required. Regional and global sea-ice models have been shown to not perform adequately in simulating sea-ice divergence (Kwok and others, 2008; Rampal and others, 2011) .
In this paper, we explore the role of ice pack divergence in modifying the open-water fraction at the location of observed ice melt. We use a model, driven by observed ice pack divergence, to partition the impact of dynamic (opening and ridging) and thermodynamically (ice growth/ melt) driven ice area changes on summer melt. Observations of ice pack deformation were made with GPS ice drifters in a �30 km region around the IMB buoy. Time series of buoy positions were analyzed to provide divergence rate in the vicinity of the IMB buoy, which were then used to drive a multi-thickness category model of ice growth, melt and redistribution. In the following section we introduce the GPS data used in this study, the model is then outlined and finally we present the conclusions of our investigation and discussion.
ANALYSIS OF DRIFTING-BUOY DATA
Enhanced divergence in winter increases ice growth, as wintertime ice pack divergence occurs through lead or polynya opening. To estimate this growth rate and ridging rates, synoptic events must be resolved (Hutchings and others, 2011) . Tracking sea-ice strain rate such that synoptic timescales are resolved is possible with GPS drifters on spatial scales greater than a few kilometers.
An array of six such drifters was deployed on 5 September 2006 in the northeastern Beaufort Sea, forming a ring with radius 16 km around buoy 2006C, the IMB buoy that experienced dramatic melt in summer 2007 (Perovich and others, 2008) . The array drifted south in the following winter and summer (Fig. 1) . The buoys reported position every 10 min, and have a relative position accuracy of �2 m (Hutchings and others, 2012) .
From the 10 min positions provided by the six GPS drifters, area and divergence rate are calculated hourly following the method of Hutchings and others (2012) . The buoy array became highly skewed in mid-July 2007, making area and divergence calculation inaccurate. Hence we do not consider model results past mid-July 2007 in our discussion. The error on area calculation is estimated to be <1% (following Hutchings and others, 2012) .
MODEL OF FIRST-YEAR ICE GROWTH, RIDGING AND MELT
A model of first-year (FY) ice growth and ridging is used to investigate the effect of ice pack divergence on the area and mean thickness of FY ice entering summer, and melt during summer.
A time series of area for the buoy array ( Fig. 2 ) was calculated following Hutchings and others (2012) . The area within the buoy array is estimated using Green's theorem H dA ¼ R R ðxdy À ydxÞ, at hourly intervals from linearly interpolated 10 min buoy position when all six buoys were operating. This line integral is discretized as
where x and y are buoy positions projected onto a Lambert equal-area map. From the date of buoy deployment, 6 September, we calculate the area of open water L within the region A at hourly time steps t,
We track the thickness distribution of ice that grows in this open water through the winter and into summer. The FY ice thickness distribution is approximated as a 20-level histogram with thickness categories 0.5 m apart, where we track area and mean thickness of the ice in each category. At the start of each time step t we add the area of open water formed, L t , to the 0-0.5 m category. We calculate the growth or melt of ice in each category by applying growth rates from a look-up table of Maykut and Untersteiner (1971) . If the ice in a category becomes larger (or smaller) than the category's upper (lower) thickness bound, it is combined into the category above (below), adjusting mean thickness and area of both categories accordingly. We use the terms growth season and melt season in our discussion, which are defined by the model as being before and after (respectively) the date at which first melt occurs for the thinnest ice.
We calculate ridged ice volume at the end of each time step. On closing, A t À A tÀ 1 < 0, the area of ridged ice R is
The assumption is made that thin ice is ridged preferentially. The ridged ice volume R is calculated as where h is the mean ice thickness and a the area of the thickness categories i ¼ 0, 1:::20. The area of all categories from which ice was ridged is adjusted accordingly after ridging volume is calculated. The thermodynamic rates of change of ice thickness do not account for lateral melt, and were based on field experiments investigating one-dimensional heat budget in the perennial ice pack in the 1960s (Maykut and Untersteiner, 1971) . It is possible the growth rates in the 1960s were higher than current conditions, which may have increased oceanic heat flux to the bottom of the ice. Summer melt rates should be regarded with caution, as solar input to the upper ocean (which may have increased over the past decade (Kay and others, 2008) ) and lateral melt are considered important in determining melt rates. We expect our model overestimates FY ice thickness entering summer and underestimates the rate of FY ice melt during summer.
In reality, ice from all parts of the thickness distribution is ridged during individual closing events, and more sophisticated ridging models account for this with a redistribution function that includes a distribution of level ice lost during ridging (Rothrock, 1975) . Our simplification of the distribution of ridged level ice will result in lower end-of-winter areas of FY ice on the thin side of the FY ice thickness probability distribution function. Hence we expect our model results in an overestimate of the mean FY ice thickness entering summer. The area of FY ice entering summer could be slightly underestimated, as we do not allow MY ice to ridge in our model when FY ice is present. In summary, this model provides a lower estimate of the open-water fraction during summer. (Fig. 3a,  red line) . The modeled ice concentration is comparable to that of the AMSR-E (Advanced Microwave Scanning Radiometer for Earth Observing System) NASA Team ice concentration (Cavalieri and others, 2004;  Fig. 3a , orange line) in the vicinity of the IMB buoy, and is slightly lower than the passive microwave open-water estimates used in Perovich and others (2008) . There are some differences: for example, the model does not show a decrease in ice concentration at the start of summer, though this may be an artifact of surface wetting in the passive microwave ice concentration estimate (Cavalieri and others, 1990) .
MODEL RESULTS

From
The open water in the model is attributed to melt of FY ice, which was formed during divergence events in winter 2006/07, and divergence of the ice pack during the melt season. In the following discussion, we use the ability of our model to reproduce the trend in open water during summer 2007 to identify the partitioning of this open-water fraction between in situ ice melt and divergence of the ice pack during the melt season.
We can calculate the amount of opening that is due to divergence alone, and not ice melt, by tracking array area change since the onset of melt. About one-quarter of the observed open water in summer 2007 can be attributed to summer ice pack divergence (Fig. 3b, green line) . The other three-quarters is due to melt of FY ice. We find that level ice that formed later in the growth season, during divergence events around early April and mid-May (Fig. 2) , melts early in summer. These divergence events contributed to decreased ice area in the following summer, and would have preconditioned the ice pack for enhanced melt.
We estimate solar radiation flux into the ocean through open water as
where � ¼ 0:07 is the albedo of open water (Pegau and Paulson, 2001 ), F S is downwelling shortwave radiation at the surface from European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis 3 hour forecasts and L is the open-water fraction. Figure 3b shows accumulated F O for open water estimated from AMSR-E (orange), our model (red) and summer ice divergence alone (green). We calculate a similar accumulation of solar heat, through openwater fraction provided by AMSR-E and our model. The amount of heat in basal melt is estimated following Perovich and others (2008) . We assume that the basal melt observed at the IMB site is representative of basal melt in the vicinity of the site, such that the heat used in melting ice in a unit area of this region is 
DISCUSSION
Our model demonstrates that the divergence of the ice pack in the vicinity of a drifting IMB buoy 2006C can explain the observed basal melt. Both divergence in winter, creating FY ice that melts out in summer, and divergence in summer contributed to the observed melt. However, both mechanisms, considered alone, provide sufficient solar warming of the upper ocean to explain the observed basal melt. The excess heat provided to the upper ocean is used in lateral ice melt, some is stored in the upper ocean which could reduce ice growth rates following summer, and some is lost to the atmosphere through increased longwave and turbulent fluxes.
Changes in the Beaufort ice pack since 2006 coincide with observed changes in the upper ocean including a temperature maximum near the base of the mixed layer that is associated with solar absorption into the upper ocean and ice-melt driven near-surface stratification (Jackson and others, 2010) . Steele and others (2010) demonstrate that this temperature maximum is mostly due to enhanced solar absorption in the increasing area of open water in the Beaufort, and the stored heat is <20% of the observed melt in summer 2007 (Steele and others, 2011) . Solar energy absorbed in the upper ocean that is not used in basal ice melt, lateral ice melt or released back to the atmosphere as longwave radiation and sensible heat contributes to the creation of the near-surface temperature maximum (NSTM) that perpetuated into winter 2007/08 (Jackson and others, 2010) . As the heat content of this NSTM layer is less than the heat used in IMB 2006C observed basal melt, divergence of the ice pack is sufficient to explain both ice melt and upperocean heating for this case study in the eastern Beaufort Sea in summer 2007.
Lateral melt and ocean-to-atmosphere heat fluxes are not considered in our study, as we do not have observations with which to estimate these. The volume of lateral melt has been estimated to be comparable to that of basal melt; the ratio of lateral to basal melt volume has been observed to be as large as 3 : 5 in leads (Perovich and others, 2003) , and it increases as floe size decreases during the progression of melt in the marginal ice zone (Steele, 1992) . Longwave emission from the ocean surface increases due to the increasing temperature with higher open-water fraction.
Sensible and latent heat fluxes might also increase due to enhanced exposure of water to the atmosphere. However, these heat losses from the ocean may be offset by related changes in the atmosphere such as increasing downward longwave radiation fluxes. We estimate 40% of the incoming solar radiation absorbed by open water in summer 2007 was used in lateral melt and to offset changes in the surface energy budget.
It is not possible to close the full energy budget for the region of our field experiment; however, we can draw some inferences regarding the energy budget in the region for summer 2007. Solar radiation input to the upper ocean can explain the unprecedented large basal ice melt observed in the eastern Beaufort Sea. The enhanced solar radiation input during summer 2007 is due to preconditioning of the pack for melt by enhanced divergence late in the growth season. Increase in solar energy input to the upper ocean continued through summer at the same rate as observed in the first half of summer (Fig. 3 , dotted orange lines showing estimate from AMSR-E open water). A steady rate of solar heat accumulation in the upper ocean suggests ice meltout and divergence rates accelerated through the summer as downwelling solar radiation decreased into August. Our driftingbuoy data demonstrate there may have been enhanced divergence at the buoy location, with increased rate of open-water formation in early summer, yet we estimate a similar heat budget to that estimated with wider-area passive microwave concentration. Unfortunately we were unable to monitor ice divergence through the whole summer, though we might infer, given the nature of ice-albedo feedback, that rates of heat accumulation would follow or be greater than (locally) the AMSR-E estimate. We can expect the solar energy absorbed in the upper ocean also resulted in enhanced lateral ice melt. If this ice volume loss was similar in magnitude to basal ice melt, it is possible that an additional heat source is required to explain the increased heat storage in the upper ocean and volume of melt.
To better quantify the relative partitioning of incoming solar radiation at the ice/ocean surface between ice melt, ocean heat storage and radiative and sensible heating of the atmosphere requires observations that are not available in this case study. Solar heating through the ice and melt ponds increases the available energy. It is possible to model the contribution of this if one knows the melt pond fraction, or can model the evolution of melt pond fraction based on the initial ice thickness and snow distribution. This was not attempted in our case study, as the initial distributions were unknown. Melt ponds would contribute to provide additional solar warming of the ice and upper ocean over and above the lower estimate of solar absorption through open water our model provides. The volume of basal ice melt in an area of variable ice thickness is not easily monitored, but can be linked to initial measured thickness distribution of the ice through a thermodynamic model. Lateral ice melt can also be modeled given knowledge of the full ice thickness distribution and seasonal progression of floe size. Unfortunately this was not measured, so we did not include the melt of MY ice or lateral melt in our model. The conclusion we can draw is that divergence in the eastern Beaufort Sea during winter 2006/07 provided sufficient preconditioning to explain observed MY basal melt observed at a point in the region. This indicates the need to improve the representation of wintertime ice pack divergence in sea-ice models.
